The paper describes the synthesis, properties and applications of magnetic polymer beads. State-of-the-art, future challenges, and promising trends in this field are analyzed. New applications in oil recovery are described.
Introduction
Smart polymer beads are designed to respond to the external stimuli [1, 2] , e.g. temperature, pH, solvent composition, magnetic field etc. Among these stimuli, magnetic field has the additional advantages of instant action and contactless control. The sensitivity to magnetic field is provided by magnetic nano-or microparticles incorporated into the beads.
Synthesis and properties of magnetic polymer beads constitute a new topic of research rapidly developing last 10 years. The magnetoresponsive polymeric beads benefit from the combination of features inherent to both their components: magnetic particles and polymer. The particles impart the magnetic properties to the beads. These properties allow for the rapid and easy separation of beads by the application of an external magnetic field. Also, due to these properties the magnetic particles can be exploited as heat generators, when they transform magnetic energy to heat due to relaxation processes and hysteresis losses [3] . This phenomenon is of primary importance for cancer therapy by hyperthermia [4] [5] [6] [7] [8] [9] . As to the polymer component, it stabilizes the magnetic particles and offers swelling ability and elasticity to the beads. Also, polymer endows the particles with functional groups necessary for the desired applications. For example, functionalization of the surface of beads by specific ligands makes possible their usage in immunoassay methodologies [10] , in the isolation of nucleic acid sequences [11] , cells [12] and microorganisms [13] etc.
This review paper is focused on the description of the synthesis, the properties and the applications of magnetic polymer beads with the special emphasis on the new trends and developments.
Magnetic particles
As was mentioned above, the magnetic properties of polymer beads are determined by embedded magnetic 0014-3057 Ó 2010 Elsevier Ltd. doi:10.1016/j.eurpolymj.2010. 11.006 particles. Among these particles, metal oxides are often preferred over pure metals (Fe, Co, and Ni) [3] because they are more stable to oxidation. The magnetic properties of metal oxides depend on their chemical composition, their size and shape, their crystal structure, the degree of crystallinity etc. Typical magnetization curve is schematically represented in Fig. 1 . It reflects the ability of magnetic material to respond to an external magnetic field H. As indicated on Fig. 1 , the curve provides major characteristic parameters of magnetic materials: the saturation magnetization M S , the coercivity, and the remanence. The slope of the magnetization curve at H ? 0 gives the magnitude of the magnetic susceptibility. The values of the saturation magnetization and of the magnetic susceptibility of some metal oxides are presented in Table 1 . It is seen that the saturation magnetization of iron oxides is rather high, which makes them suitable for producing various magnetoresponsive polymeric materials.
It should be emphasized that the size of iron oxide particles plays an essential role in their behavior in magnetic field [15] . Small particles possess single domain structure. Single domains include groups of spins all pointing in the same direction and acting cooperatively. By contrast, larger particles possess multidomain structure consisting of many single domains separated by domain walls, which produce magnetic flux closures rendering the bulk material macroscopically non-magnetic [16] . The formation of domain walls becomes energetically favorable at some critical particle diameter, D c . Table 2 shows the estimates of the single-domain diameter for some common materials in the shape of spherical particles. Note that particles with significant shape anisotropy can remain single domain to much larger dimensions than their spherical counterparts.
The size of particles affects essentially the coercivity [18, 19] as illustrated in Fig. 2 . Let us first consider the single domain particles. It is seen that the coercivity is equal to zero, only when the single domain particles are quite small. These particles are superparamagnetic. By contrast, larger single domain particles possess the coercivity, which results from the coherent rotation of spins required for the changes in the magnetization [19] . As to multidomain particles, they always demonstrate coercivity (Fig. 2) . In this case, the magnetization reversal occurs through the nucleation and motion of the domain walls [19] .
So, nanoparticles of iron oxides (typically in the size range of 5-15 nm) are superparamagnetic. At the same time, microparticles (with the size in micrometer range) are ferromagnetic. Such large particles contain hundreds of single domains. Liquids with dispersed superparamagnetic single domain nanoparticles are called magnetic fluids, or ferrofluids [20] [21] [22] [23] . The suspensions of ferromagnetic micron-sized particles are called magnetorheological fluids.
Depending on the magnetic properties and the size of the particles, the applications of the particles encapsulated in polymer will change as well. For some applications Fig. 2 . Qualitative illustration of the behavior of the coercivity in ultrafine particle systems as the particle size changes (Reprinted with permission from Ref. [19] . Ó 1996, American Chemical Society).
including the separation technique and the drug delivery particularly interesting are small magnetic monodomain nanoparticles, because they do not possess remanence, when magnetic field is removed [19] . The additional advantages of using small nanoparticles, besides the possibility to easily switch off the magnetic state and particle interactions by removing the external magnetic induction, are the minimum disturbance such a particle has on reactions of the molecules attached to its surface and the large surface-to-volume ratio, which is of high interest for chemical binding. A disadvantage of such particles may be that the magnetic force is small due to the small volume, so that viscous forces dominate and magnetic separations can take a long time (tens of minutes). This explains the interest of using larger magnetic particles (typically 0.2-5 lm in diameter) for some applications. Such microparticles demonstrate strong response to an external magnetic field. Also, they possess remanent magnetization and coercivity, which are important for their application as magnetic memory devices [24] and as blocking medium in oil recovery [25, 26] .
Synthesis of magnetic polymer beads
Magnetic polymer beads are composed of magnetic nano-or microparticles embedded in a polymer matrix. The size of beads can vary from hundred nanometers to few millimeters. The synthesis of magnetic polymer beads can be performed by three general ways. In the first one the magnetic particles are synthesized inside polymer matrix. In the second one polymer is synthesized in the presence of magnetic particles. In the third one the beads are prepared from pre-formed polymer and magnetic particles.
The beads can have different structures (Fig. 3) . In one kind of beads the magnetic particles are homogeneously distributed in the volume of polymer matrix (Fig. 3c ). Other kinds of beads are characterized by core-shell structure (polymer core-magnetic shell (Fig. 3a) or magnetic core-polymer shell (Fig. 3b) ). Also, mixed systems are prepared, where the core-shell particles are homogeneously dispersed in polymer matrix. To get ordering of the magnetic filler the beads can be obtained under the action of magnetic field [27, 28] (Figs. 4 and 5) .
Below some of the methods of preparation of magnetic polymer beads are outlined.
In-situ formation of magnetic particles in polymer matrix
Nanoparticles of metal oxides, in particular, magnetite Fe 3 O 4 and maghemite c-Fe 2 O 3 are often synthesized by the alkaline coprecipitation of ferric and ferrous salts, e.g. [29] :
Magnetic polymer beads can be prepared by coprecipitation of iron salts directly in polymer matrix. In this case, polymeric matrix limits the growth of magnetic particles, as a result their size becomes smaller than in the absence of polymer [30] . By in-situ coprecipitation of the iron salts the magnetic beads based on many polymers were prepared, including polystyrene (PS) [31, 32] , polyacrylamide [33] , triblock polymer polyisopropene-block-poly(2-cinnamoylethyl methacrylate)-block-poly(tert-butyl acrylate) [34] , dextran [30, [35] [36] [37] [38] [39] , alginate [40] [41] [42] [43] [44] , poly(vinyl alcohol) (PVA) [30, 45] , copolymers of acetoacetoxyethyl methacrylate and N-vinylcaprolactam [46] , copolymers of Nisopropyl acrylamide (NIPA) and glycidyl methacrylate [47] etc.
The magnetic beads thus prepared can have all possible structures depicted in Fig. 3 . When porous polymer beads (e.g. PS beads) are used as matrices for the formation of magnetic particles, the structures of the type c (Fig. 3c) are produced. When the iron salts do not penetrate inside the beads and coprecipitate on their surface the polymer core-magnetic shell structure is formed (Fig. 3a) . When magnetic particles are synthesized in polymer solution, they become coated with polymer just after synthesis, which gives magnetic core-polymer shell type structures (Fig. 3b) .
To fix the magnetic particles in/on the polymer matrix the functional groups interacting with particles can be introduced in polymer chains [48] [49] [50] [51] [52] . For example, Kumagai et al. [52] report the formation of magnetic core-polymer shell type beads with tightly bound polymer chains by hydrolysis of FeCl 3 Á6H 2 O in water and the subsequent treatment with poly(ethylene glycol)-poly(aspartic acid) (PEG-PAsp) block copolymer. The polymer-coated nanoparticles revealed excellent solubility and stability in aqueous solution as well as in physiological saline. The FTIR experimental results evidenced that PEG-PAsp molecules are multivalently bound on the surface of the iron oxide nanoparticles via the coordination between the carboxylic acid groups in the PAsp segment of the block copolymer and Fe on the surface of the iron oxide nanoparticles.
Recent advances in the synthesis of magnetic nanoparticles in the presence of polymers are based on the use of polymer gels [53] [54] [55] . The advantages of using polymer gels are multiple, but the most important one is that the nucleation and growth of iron oxide can be controlled by the constrained architectures of the polymer network [54, 55] , i.e. the gel serves as a nanoreactor where iron oxide nanoparticles are formed in-situ. For example, Breulmann et al. [54] investigated the preparation of magnetite inside the pores of an elastic PS-polyacrylate copolymer gel template. The synthetic parameters of the polymerization allow for the pore size and carboxylate functionality to be tailored. The authors report that the iron oxide content of the gels is 3.5-8% Fe 3 O 4 with one reaction cycle and that the loading can increase up to 20% iron with successive swelling/reaction cycles. The particles are 16 nm in diameter and are bound to carboxylate functional groups of the polyacrylate component of the gel pore.
In-situ polymerization in the presence of magnetic particles
Another method to prepare magnetic polymer beads consists in the incorporation of the magnetic particles inside polymer matrix in the process of polymerization.
Polymer core-magnetic shell beads
Polymer core-magnetic shell beads can be prepared by polymerizing monomer droplets stabilized by magnetic particles in the Pickering emulsions [56] . The solid particles first self-assemble at the liquid-liquid interface and act as effective stabilizers during polymerization process without the need for any conventional stabilizers. After the polymerization, the particles armour the surface of the resultant polymer beads. Such solid-stabilized heterogeneous polymerizations are very attractive in preparation of hybrid beads. Polymerizations based on Pickering emulsion include Pickering miniemulsion polymerization, Pickering suspension polymerization, Pickering dispersion polymerization and Pickering emulsion interface-initiated atom transfer radical polymerization (ATRP). Recently, in addition to ordinary polymer core-magnetic shell beads more sophisticated multihollow polymer beads with magnetic shell were prepared by polymerizing droplets of multiple W/O/W Pickering emulsion [56] .
However, in such polymer core-magnetic shell structures the exposure of magnetic particles directly to the surrounding medium limits the applications of the beads [24] . These beads are developed, for example, for magnetorheological fluid materials [57] .
Magnetic core-polymer shell beads
Magnetic core-polymer shell beads are usually prepared by three-dimensional polymerization of monomer together with cross-linker on a surface of magnetic particles [58] [59] [60] or by encapsulation of magnetic particles into block-copolymer micelles [61] . Representative TEM micrographs of such beads are shown in Fig. 6 .
A new pathway for the preparation of magnetic corepolymer shell beads is a surface-initiated polymerization [62] [63] [64] [65] [66] [67] . The technique is based on the growth of polymer molecules in-situ from surface-grafted initiators and results in a covalently bound polymeric shell on the magnetic core. By this method, various magnetic polymer brush particles were obtained including those coated by poly(e-caprolactone) by ring-opening polymerization [66] and coated by poly(2-methoxyethyl methacrylate) [67] and PS [68] by ATRP. A direct correlation between the molar mass of the polymer arms as detected by GPC (after acidolysis of the core) and the hydrodynamic radius of the core-shell particles in DLS experiments was found [68, 69] . The results obtained indicate that at rather high grafting density the anchored polymeric chains are completely stretched.
Magnetic beads with homogeneously dispersed magnetic particles
Several approaches were used to produce magnetic polymer beads with homogeneously dispersed magnetic particles by in-situ polymerization. They include emulsion polymerization, suspension polymerization, dispersion polymerization, microemulsion polymerization, miniemulsion polymerization .
One of the most widespread methods to produce magnetic beads is emulsion polymerization. The monomer is mixed with the beads and then emulsified as a disperse phase. During polymerization the droplets of the disperse phase transform into beads. Both hydrophilic and hydrophobic vinyl monomers can be used in this process via W/O and O/W emulsions, respectively. Successful encapsulation of ion oxide particles in polymer beads requires these particles to be well dispersed in the monomer before emulsification to accommodate them within the droplets. It creates no problems in the case of hydrophilic monomers, which are miscible with hydrophilic iron oxides. By contrast, in the case of hydrophobic monomers, it is difficult to disperse hydrophilic iron oxide particles in monomer without aggregation and phase separation. To improve dispersion, a surface treatment of the iron oxide, e.g. by oleic acid or sodium dodecyl sulfate, is performed in order to increase the hydrophobicity [95] .
The synthesis of hydrophilic magnetic polymer beads via W/O emulsion is described in several papers [75, 76, 91] . Müller-Schulte et al. prepared hydrophilic magnetic polymer beads from NIPA, acrylamide and N,N 0 -methylenebisacrylamide (BAA) [75, 76] . The particle size was varied in the range of 10-200 lm by adjusting the stirring speed. Deng et al. [91] obtained hydrophilic submicron magnetic polymeric particles (75-285 nm in diameter) of acrylamide and BAA using W/O microemulsion polymerization process.
The procedures of preparation of hydrophobic magnetic polymer beads via O/W emulsions were developed in papers [77] [78] [79] [80] . Several different hydrophobic magnetic beads were synthesized including poly(methyl methacrylate-divinylbenzene), poly(styrene-divinylbenzene-glycidyl methacrylate), poly(styrene-methacrylic acidacrylamide), poly(styrene-butyl acrylate-methacrylic acid) and poly(styrene-acetoacetoxyethylmethacrylate) (PS-AAEM) beads. In particular, Pich et al. [77] prepared PS-AAEM beads containing c-Fe 2 O 3 nanoparticles by surfactant-free O/W emulsion polymerization. It was found that modifying the iron oxide nanoparticle surface with sodium oleate significantly improves their encapsulation during the polymerization process. Variation of the AAEM concentration in the reaction mixture at constant content of iron oxide particles gives the possibility to control the particle size of the hybrid beads.
Okassa et al. [81] synthesized biodegradable and biocompatible submicrometer poly(lactide-co-glycolide) beads loaded with magnetite nanoparticles by a modified double emulsion method (W/O/W) or an emulsion evaporation process (O/W). In the later the volatile organic solvent is evaporated from the emulsion droplets, when the polymerization is finished.
In order to get magnetic PS latex, the miniemulsion polymerization method was employed [98] [99] [100] . The size of miniemulsion droplets and consequently the size of the resulting beads can be controlled by the stabilizer system and the shear applied to form the droplets. In paper [99] a water-soluble surfactant (sodium lauryl sulphate, SLS) and a monomer-soluble long-chain alcohol, the so-called costabilizer (stearyl alcohol, SA), were used for stabilizing the styrene/water miniemulsion against both coalescence (with SLS) and diffusional degradation or Ostwald ripening (with SA), respectively. The surface-treated magnetite nanoparticles in toluene were introduced into the monomer under stirring to obtain the stable magnetite/styrene dispersion. Preparation of the miniemulsion was carried out by ultrasound homogenization. An oil-soluble initiator N,N 0 -azobis(isobutyronitrile) was used to initiate the polymerization reaction [99] . The encapsulation of the magnetic iron oxide in the polymer was found to be complete; neither free magnetite particles nor free PS latex particles (without magnetite) were observed. Although the magnetite particles were distributed uniformly in the starting styrene system, they aggregated and accumulated at one side of the spheres during the microemulsion preparation and the subsequent polymerization. In-situ polymerization gives the possibility to prepare porous magnetic polymer beads. Such beads of PNIPA with an average diameter of 2 mm and narrow size distribution were synthesized by Zrinyi et al. [27, 101] by the drop method. The chemical procedure developed by Park and Choi [102] was employed. First, an interpenetrating network (IPN) was prepared by simultaneous ionotropic gelation of alginate by Ca ions, with a concomitant free radical polymerization of NIPA and cross-linker within the beads. Then, the beads were put in ethylenediaminetetraacetate (EDTA) solution in order to extract calcium ions cross-linking alginate chains, which results further in the remove of alginate itself from the IPN beads. The removal of one network from the other led to the formation of multiple channels in PNIPA beads.
By in-situ polymerization several types of nanoparticles can be simultaneously incorporated into the beads. In recent paper by Hawker and co-workers [103] MnFe 2 O 4 and Au nanoparticles grafted with short PS ligands were dispersed in divinylbenzene (DVB) monomer followed by emulsification in aqueous media with cetyltrimethylammonium chloride as surfactant. Subsequent free radical polymerization with 2,2 0 -azobis(2-amidinopropane) dihydrochloride yielded the cross-linked PDVB latex particles embedded with the inorganic Fe and Au particles.
In-situ polymerization provides the easy means to tailor the chemical and interfacial properties of polymer beads by the incorporation of monomers with desired functional groups. For example, the above-mentioned PDVB beads [103] were grafted with short thiol-terminated PEG chains via thiol-ene coupling to provide the solubility of the beads in organic medium. Magnetic polymer beads functionalized by specific ligands were used in immunoassay methodologies [10] , the isolation of nucleic acid sequences [11] , the cell selection from complex matrices such as whole blood [12] , the isolation of microorganisms from samples in the food industry [13] etc.
One of the novel directions in the in-situ polymerization technique concerns the production of molecularly imprinted beads, which exhibit recognition properties [104, 105] . The technique involves polymerization of functional monomers and a cross-linker around a template or print molecule. Extraction of the template leaves behind recognition sites of functional and shape complementarity to the template. For example, Ansell and Mosbach prepared [104] by a suspension polymerization methacrylic acid-1,1,1-trimethylolpropane trimethacrylate copolymer magnetic beads molecularly imprinted with the b-blocker (S)-propranolol. The resulting imprinted beads were capable of binding the drug [3H]-(S)-propranolol more strongly than a non-imprinted, otherwise identical, polymer. The recognition properties of the imprinted particles were not affected by the inclusion of iron oxide. Such (S)-propranolol imprinted magnetic polymer beads can be used for the direct assay of (S)-propranolol in such multicomponent media like blood and urine [104] .
Recent trends in the preparation of magnetic polymer beads concern the use of membrane and microfluidics emulsification techniques [24, 106] . Compared with the traditional emulsification methods, these techniques give size-controlled mono-or narrowly dispersed droplets. In membrane emulsification techniques a disperse phase is forced to pass through the micropores from one side of the membrane and forms individual droplets in a continuous flow liquid phase at the other side of the membrane. The continuous phase contains emulsifiers which stabilize the droplets instantly while they are forming [24] . Along with the pore size and size distribution, the polarity of membrane surface plays an important role in the control of droplet formation. It is required that the membrane surface, especially, the outlet surface of disperse droplets, to be affinitive to the continuous phase, and less affinitive to the disperse phase. These can avoid the spreading of the disperse phase on the membrane surface, so that the sizing of the droplets can be controlled by the micropore sizes of the membrane [24] . So, hydrophilic membranes favor the formation of O/W emulsions, while hydrophobic ones are beneficial to the making of W/O emulsions. For well-formulated emulsion systems, the diameter of droplets produced is typically 2-8 times of that of membrane pores [106] .
Another route for controlled synthesis of polymeric beads provides a modern method of microfluidics [24] . The beads can be prepared in a single-phase flow and a multiphase flow [107] . Single-phase microfluidic generation of polymer beads utilizes UV illumination of the continuous stream of a polymerizable liquid through a patterned mask [108] . Multiphase, droplet-based microfluidic generation of polymer beads relies on (a) the emulsification of liquid monomers and (b) the solidification of droplets by chemical or physical means [108] .
Although by membrane and microfluidic emulsification followed by polymerization various hydrophilic and hydrophobic polymer beads were prepared, the elaboration of the procedure of the synthesis of polymer beads with embedded magnetic particles by these methods is still at the very beginning [109] . In the future, this seems to be a very prospective route for the preparation of magnetic polymer beads with narrow size distribution.
3.3. Mixing of pre-formed polymer and magnetic particles 3.3.1. Polymer core-magnetic shell beads
The magnetic particles can be deposited on the surface of polymer beads either by adsorption [110] or by layerby-layer (LbL) coating [111, 112] . For example, the later method was used [112] to deposit negatively charged maghemite nanoparticles on PS beads covered with a positively changed polyelectrolyte. The TEM and SEM micrographs of such polymer core-magnetic shell beads are presented in Fig. 7 . To protect the magnetic shell an additional polyelectrolyte layer may be deposited on the surface of the bead. When desired, the PS core can be removed e.g. by dissolution, which results in hollow magnetic shells [112] .
Magnetic core-polymer shell beads
Magnetic core-polymer shell beads are prepared by coating of magnetic particles with polymer either by adsorption [113, 114] or by LbL technique [115] . For example, Thünemann et al. [115] used LbL technique to get magnetic beads with maghemite core and two layer polymer shell. The first layer around the maghemite core was formed by polyethylenimine (PEI), while the second one -by poly(ethylene oxide)-block-poly(glutamic acid) (PEO-PGA). The hydrodynamic diameter of the particles increases stepwise from D h equal to 25 nm (parent particles) via 35 nm (PEI-particles) to 46 nm (PEO-PGA/PEI-particles). The coating is accompanied by a switching of the zeta potentials from moderately positive to highly positive and finally slightly negative.
Magnetic polymer beads with homogeneously dispersed magnetic particles
Such beads are often prepared by emulsion techniques. In this method, magnetic particles are dispersed in a polymer solution and emulsified as a disperse phase. Then each droplet of the emulsion is transformed into bead either by solvent evaporation or cross-linking.
Hydrophilic magnetic polymer particles were obtained from polymer aqueous solutions via W/O emulsions. Both natural and synthetic polymers were used including j-carrageenan [116] , chitosan [117, 118] , gelatin [119] and PVA [120] . Hou [116] prepared magnetite j-carrageenan beads as follows. The mixture of j-carrageenan and magnetite in hot water was dispersed in hot vegetable oil to form W/O emulsion. The droplet size was controlled by stirring rate. The emulsion droplets were solidified by rapid cooling and further gelified in a KCl aqueous solution. The surface of magnetic polymer beads was finally hardened by reacting with PEI or 1,6-diaminohexane. The resulting beads had a wide size distribution 30-1000 lm.
Magnetite chitosan beads were prepared by cross-linking the linear chitosan chains in W/O emulsion [117, 118] . Chitosan was dissolved in an aqueous solution of acetic acid containing Fe 3 O 4 grains (1-5 lm) [117] or ferrofluid [118] . The dispersion was then added dropwise into an oil phase containing Span 80 as emulsifier under agitation. Then chitosan chains within droplets were cross-linked by glutaraldehyde. The particles obtained from the ferrofluid had a mean particle size of 5 lm, whereas those prepared from 1 to 5 lm magnetite were 100-250 lm in size.
The hydrophobic magnetic beads of PS, poly(caprolactone), poly(l-lactic acid) and poly(l-lactide-co-glycolide) were prepared by solvent evaporation technique [121] . Asmatulu et al. [122] synthesized hydrophobic magnetite phenoxy resin and poly(lactide) beads by an emulsification-diffusion method. Hydrophilic magnetite (8-10 nm) particles coated with oleic acid were dispersed in dichloromethane together with the phenoxy resin or poly(lactide). This phase was dispersed into a continuous aqueous phase containing PVA. The emulsion obtained was homogenized again in an isopropanol/water solution, stirred for solvent diffusion and formed magnetite embedded particles in the size range of 0.5-7 lm.
Another approach to get magnetic polymer beads is drop-by-drop ionotropic gelation. Khokhlov et al. prepared magnetic alginate beads by dropping down the suspension of magnetic filler particles in alginate solution into a calcium or barium chloride solution [25, 26] . A spontaneous cross-linking reaction of negatively charged alginate chains by bivalent cations occurred resulting in spherical beads with an average diameter of about 3 mm. In addition to this so-called ''external'' gelation [25, 26, 123] , an ''internal'' gelation may be used. In the ''internal'' method, an ''inactive'' calcium in the form of complex with EDTA is first added to the suspension of magnetic filler particles in alginate solution. Then, calcium is slowly released by acidification of the medium using hydrolysis of gluco-dlactone [124] . An ''internal'' gelation always leads to more homogeneous beads than the ''external'' gelation. The influence of different parameters, such as an uronic composition of alginate (proportion of mannuronic and guluronic acids units), the degree of substitution of Na + into Ca 2+ in alginate gel (that is defined by the immersion time of beads in calcium chloride solution and the calcium chloride concentration) on the properties of magnetic alginate beads was studied. It was shown that at the complete substitution of Na + into Ca 2+ the release of encapsulated magnetic filler particles from alginate microspheres is not observed. In addition to emulsification and ionotropic gelation some other techniques are used to produce magnetic polymer beads, in particular, spray drying [125, 126] . In this technique, magnetic particles are dispersed in polymer solution and then spray dried. The method is useful to cre- ate particles in the size range of up to 50 lm, wherein the polymer has a sufficiently high glass transition temperature to allow formation of discrete beads. The size and the morphology of the beads depend on the nature of the polymer and on the spray dryer operating parameters, including chamber volume, flow rate, and nozzle design [127] . A new trend consists in the use of supercritical fluids with spray techniques (rapid expansion of supercritical solutions) [128] . It renders the spray process more controllable due to the high solubility, low viscosity and rapid evaporation of supercritical fluids, but the cost of such processes is not attractive [24] .
Recent advances in the preparation of homogeneous magnetic polymer beads from pre-formed magnetic particles and polymer concern the use of membrane and microfluidics emulsification [24] . Omi et al. [129] got magnetic poly(styrene-co-acrylic acid) or/and poly(styrene-co-butyl acrylate) particles using glass membranes. The polymers were dissolved in ferrofluid containing magnetite in toluene and then pushed through the membranes. As a result uniform O/W droplets with suspended magnetic particles were produced. After evaporation of toluene the magnetic polymer beads with the size of 5-40 lm containing 30-40 wt.% of magnetite were obtained. It was demonstrated that both the compatibility of the disperse phase components themselves and the compatibility of the disperse phase (especially the solvent) with the membrane surface were important in the production of uniformly dispersed particles. Yang et al. [130] described a microfluidic assisted synthesis of multi-functional polycaprolactone beads with magnetite nanoparticles. Badescu et al. [131] demonstrate the production of magnetic alginate beads with various sizes ranging from 45 to 875 lm by microfluidic technique.
Magnetic beads with inhomogeneously dispersed magnetic particles prepared under the action of magnetic field
Magnetic beads with tailor-made anisotropy can be synthesized under an external field (Fig. 4) . In particular, magnetochromatic beads were prepared [132] by emulsifying a liquid UV curable resin containing mainly PEG diacrylate (PEGDA) oligomers, magnetic Fe 3 O 4 particles coated with silica and a photoinitiator in mineral or silicone oil. Upon the application of an external magnetic field, the magnetic particles self-assemble into ordered structures inside the emulsion droplets. An immediate 365-nm UV illumination quickly polymerizes the PEGDA oligomers to transform the emulsion droplets into solid polymer beads and, at the same time, permanently fixes the periodic structures of magnetite particles. Beads with different colors can be obtained by controlling the periodicity of the assembly of magnetic particles through the variation of the external magnetic field during the UV curing process. The excellent stability together with the capability of fast on/off switching of the diffraction by magnetic fields makes the magnetochromatic beads thus obtained suitable for applications such as color display, rewritable signage, and sensors [132] .
Thus, several techniques of magnetic polymer beads preparation were developed. They allow the synthesis of beads in a wide range of dimensions from hundred nanometers to few millimeters. For intravenous injection, the required magnetic polymer beads should be small (less than 200 nm) in order to ensure their free transportation in human body without agglomeration or blockage [24] . In other area of applications larger particles can be employed: for intracavity applications -from few micrometers up to approximately 30 lm [133] ; for separation applications, the particle size may vary in the range from submicrometer to about 100 lm [134, 135] . In oil-field applications, the optimum size of beads for blocking flow is about few millimeters [25, 26] .
Properties

Swelling
Magnetic polymer beads can swell in solvents. It particularly concerns beads with the gel-like structure. Usually the degree of swelling of beads containing magnetic particles is lower than for the corresponding unloaded beads [136, 137] (Fig. 8) , which can be explained by the formation of additional cross-links by nanoparticles interacting with polymer chains [136] . The presence of such cross-links is confirmed by the fact that added nanoparticles increase the elasticity modulus of the gel beads [24] .
In some non-covalently cross-linked beads non-monotonous dependence of the degree of swelling on the content of magnetic particles is observed (Fig. 9) . At low content of magnetic particles their addition leads to the swelling of the beads, at higher content a routine decrease of the swelling takes place. An unexpected swelling, which is observed only at rather high concentration of salt (NaCl) in the system, can be due to the disruption of some of the Ca -cross-links in the network upon addition of magnetic particles [138] .
Thus, usually the introduction of magnetic particles into polymer beads decreases their degree of swelling and strengthens the beads. 
Collapse
Polymer beads that combine sensitivity to magnetic field with temperature-and/or pH-responsive properties were elaborated [27, 137, [139] [140] [141] [142] . It was observed that magnetic nanoparticles do not alter neither temperaturenor pH-sensitivity.
Several papers are devoted to the study of the effect of magnetic particles on the temperature-induced collapse of polymer beads. For this purpose different thermosensitive beads were used including PNIPA [27, 141] , copolymer of N-vinylcaprolactam and acetoacetoxyethyl methacrylate [46, 137, 140] , copolymers of maleilated carboxymethyl chitosan with NIPA [142] . It was observed that the incorporated magnetite particles do not shift the temperature of the collapse transition. This means that, besides the interaction of magnetite particles with polymer chains, the polymer network still has enough freedom to swell and collapse at different temperatures.
Moreover, collapse of thermosensitive beads can be triggered by the action of magnetic field, if it induces heating [65, 76] . This phenomenon can be a basis for the elaboration of a novel type of remote-controlled drug release system, in which the delivery of drug is induced by applied magnetic field. In this system, a release of the encapsulated drug results from collapse of thermosensitive beads triggered by heating of the magnetic particles in an alternating magnetic field.
Behavior in magnetic field
Most of the papers describing the magnetic properties of polymer beads deal with beads loaded with nanosized magnetic particles exhibiting superparamagnetic properties. If the concentration of the nanoparticles is below the percolation threshold, the bead contains a collection of single domain particles. From the magnetic viewpoint, the bead is a dilute ensemble of non-interacting magnetic moments. In the absence of an external magnetic field, the moments are randomly oriented, and thus the bead has no net magnetization. As soon as an external field is applied, the magnetic moments tend to align with the field and produce a bulk magnetization. The thermal agitation opposes this process. When the strength of the field becomes high enough, all the particles eventually align their moments along the direction of the field, and as a result, the magnetization saturates [54] . When the field is turned off, the magnetic dipole moments begin to randomize reducing the bulk magnetization. Magnetic dipoles are able to reorient by two mechanisms [3] : either by rotation of the whole particle (Brownian mechanism) or by collective rotation of the atomic magnetic moments inside the particles (Néel mechanism). In ferrofluids, both mechanisms are effective. By contrast, in polymer beads, where the magnetic particles are trapped by polymer chains, the Brownian rotation is restricted and the Néel mechanism dominates.
Cooling induces the transition from superparamagnetic to ferromagnetic state, which proceeds at the blocking temperature T B [54] . The value of T B is proportional to the volume of the magnetic particles, which means that even a modest increase in particle size can result in a significant increase of T B .
For superparamagnetic material the magnetic behavior can be described by the Langevin function. Assuming the magnetization of individual particles in the gel bead to be equal to the saturation magnetization of the pure ferromagnetic material, the magnetization, M, of the bead in the presence of an applied field can be expressed as [54] :
where / m is the volume fraction of the magnetic particles in the bead, and n is the parameter of Langevin function L(n) defined as n ¼ mH=kT, where m is the giant magnetic moment of nanosized magnetic particles, H is the external magnetic field, k is the Boltzmann constant, T is the temperature. According to this equation, there is no hysteresis in the field dependence of the magnetization (M is a single valued function of H) and the magnetization of a bead is directly proportional to the concentration of magnetic particles and their saturation magnetization. Fig. 10 shows a typical magnetization curve for magnetic polymer beads. It is seen that the beads show a superparamagnetic behavior at room temperature. No remanence is observed when the magnetic field is removed.
As to the magnetization values, in real systems they are often lower than can be predicted from the saturation magnetization of the pure ferromagnetic material [126, 143, 144] . In particular, Huang et al. [143] found that the saturation magnetizations of magnetic fluid composed of 15-nm magnetite nanoparticles (without polymer) and of magnetic poly(styrene-co-acrylamide) beads are equal to 17.2 and 1.45 emu/g, respectively. At the same time, the saturation magnetization of bulk magnetite is 84 emu/g. Lower saturation magnetization of the magnetic fluid in comparison with the bulk magnetite may be due to spin disorder arising from the larger particle surface area [145, 146] . In its turn, lower saturation magnetization of poly(styrene-co-acrylamide) beads loaded with 15-nm magnetite particles in comparison with that of magnetic fluid with the same concentration of 15-nm magnetite particles was assigned [143] to the oxidation processes during sonication and polymerization, which can lead to the formation of some non-magnetic particles, and to the presence of polymer on the surface of particles. An important effect is the heating of magnetic particles [3, 65] in an external AC high-frequency magnetic field (in the kHz range). In such field, the particles are forced to conduct fast remagnetization accompanied by thermal losses. The magnetic heatability is under intensive investigation for tumor therapy by magnetic fluid hyperthermia [4] [5] [6] [7] [8] [9] .
When the concentration of magnetic particles in the beads becomes rather high, the particles start to interact with each other. In the absence of a magnetic field, particles that are big enough to exhibit significant magnetic interactions form open-loop structures with no spatial orientation [3] . When exposed to an external magnetic field, magnetic particles coalesce under the influence of the magnetic dipole interaction into chainlike ''columnar'' structures along the field direction (Fig. 11) . The exact shape of these structures depends on parameters such as the particle concentration and applied magnetic field. Even after removal of the external magnetic field, such particle structures can stay agglomerated, hindering separation and recovery of the magnetic beads.
The mutual particle magnetic interactions leading to chainlike structures affect the mechanical properties of the beads, in particular, they are responsible for the increase of the elastic modulus of the beads induced by an external magnetic field [27, 28, 147] (Fig. 12) . This phenomenon is called temporary reinforcement. In order to enhance the effect, anisotropic samples are prepared by varying the spatial distribution of the magnetic particles in the elastic matrix. It was shown that uniaxial field structured composites exhibit much larger increase in modulus than random particle dispersions [148, 149] . The temporary reinforcement effect was most significant if the applied field, the particle alignment, and the mechanical stress are all parallel to each other [28, 148, 149] (Fig. 12) . The increase of elastic modulus in an external homogeneous magnetic field was also reported for magnetic elastomers [148] [149] [150] [151] [152] . Thus, magnetic field produces a significant impact on the mechanical properties of beads.
Applications
Magnetic nano-and microparticles are of great interest for many technological applications: magnetic storage media [153] , biosensing applications [154] , medical applications, such as targeted drug delivery [122, [155] [156] [157] [158] [159] [160] [161] [162] [163] , contrast agents in magnetic resonance imaging (MRI) [164] [165] [166] [167] [168] [169] [170] [171] [172] [173] [174] [175] [176] , bioseparation [11] [12] [13] [177] [178] [179] [180] [181] [182] [183] , and destruction of the tumor tissue under the action of high-frequency magnetic fields (''intercellular hyperthermia'') [4] [5] [6] [7] [8] [9] , etc. Below some of these applications are briefly described.
Drug delivery
Targeted drug delivery by magnetic field is an innovative new approach for drug release. According to this approach, the magnetic beads are intravenously administered and their accumulation takes place only within the area to which the magnetic field is applied [157] . Shortly after accumulation in targeted region, drug molecules are gradually released, thus improving the ther- apeutic efficiency of the drugs by lowering the collateral toxic side effects on the healthy cells or tissues [158, 159] .
The three main mechanisms for releasing drug molecules from the polymeric magnetic beads into a blood vessel or tissue are diffusion, degradation, and swelling followed by diffusion [160, 161] . Diffusion occurs when drug molecules dissolve in body fluids around or within the beads and migrate away from the beads. Degradation takes place when the polymer chains hydrolyze into lower molecular weight species, effectively releasing drug molecules that were trapped by the chains. As to the swellingcontrolled release systems, they are initially dry. When they are placed in the body, they swell enabling the drug molecules to diffuse from the swollen network.
Internalization of magnetic beads strongly depends upon their size. After administration, larger beads with a diameter higher than 200 nm are easily sequestered by the spleen and eventually removed by the cells of the phagocyte system, resulting in decreased blood circulation times. Small beads with diameters less than 10 nm are rapidly removed through extravasations and renal clearance. Beads with a diameter ranging from 10 to 100 nm are optimal for intravenous injection and have the most prolonged blood circulation times. These beads are small enough to escape the reticulo-endothelial system of the body as well as to penetrate small capillaries of the tissues and offer the most effective distribution in targeted tissues.
Magnetic drug targeting employing nanobeads as carriers is a promising cancer treatment avoiding the side effects of conventional chemotherapy [122] due to precise targeted delivery. Alexiou et al. demonstrated that a strong magnetic field gradient at the tumor location induces accumulation of the nanobeads covered by starch derivatives with phosphate groups, which bound mitoxantrone [162] . Gallo et al. [163] showed that, after administration of magnetic polymer beads loaded with oxantrazole, the brain contained 100-400 times higher oxantrazole levels than those obtained after the solution dosage form, indicating the successfulness of drug delivery via magnetic particles.
Hyperthermia
Hyperthermia is a promising approach [4] [5] [6] [7] [8] [9] to cancer therapy based on the selective heating of the target tissue to temperature between 42°and 46°that generally reduces the viability of cancer cells and increases their sensitivity to chemotherapy and radiation. The fatal technical problem in hyperthermia is the difficulty of the uniform heating of only the tumor region up to the required temperature without damaging normal tissue. This problem can be tackled by using magnetic particles, which can be accumulated only in the tumor tissue and then heated by external AC magnetic field [3, 65] .
Also, there exists a combination therapy which includes hyperthermia treatment followed by chemotherapy. The approach involves use of magnetic carriers containing a drug to cause hyperthermia using the standard procedure, followed by the release of encapsulated drug that will act on the injured cells. It is anticipated that the combined treatment might be very efficient in treating solid tumor [184] [185] [186] .
Magnetic resonance imaging
MRI is considered to be one of the most powerful techniques in diagnostics, clinical medicine and biomedical research. In MRI, image contrast is a result of the different signal intensity each tissue produces in response to a particular sequence of the applied radiofrequency pulses. This response is governed by the proton density and magnetic relaxation times so as MRI contrast depends on the chemical and molecular structure of the tissue [171] . In early 1980s it was recognized that target-specific magnetic particles can serve as contrasting agents, and they rapidly became an important and indispensable tool for the noninvasive study of biologic processes with MRI. As contrasting agents superparamagnetic iron oxide or paramagnetic macromolecular compounds may be used [172] . Paramagnetic metal ions reduce the T1 relaxation of water protons and enhance the signal intensity, as a result the images become brighter. The most commonly used superparamagnetic material is Fe 3 O 4 with different polymer coatings Fig. 12 . Dependence of the elastic modulus of poly(dimethylsiloxane) beads on the magnetic field. The arrangements of the particles in the polymer networks are parallel to the applied mechanical stress while the applied uniform magnetic field is parallel (a) or perpendicular (b) to the columnar structure. The concentration of the carbonyl iron particles in the polymer matrix is indicated on the figure (Reprinted with permission from Ref. [28] . Ó 2006, Elsevier). [173] [174] [175] such as dextran [173] or silicone [175] . Superparamagnetic iron oxide causes marked shortening of T2 relaxation and hence the reduction of signal intensity in MR images. So far it was mainly used as a liver-specific contrast agent for intravenous application. Also, it is very promising for detection of metastases in non-enlarged lymph nodes. When contrast agent is interstitially applied, none of it is accumulated in the lesion since metastases do not have an intact phagocytosing system. Thus, a contrast agent induces a signal effect in normal tissues, but not in metastases, thus enhancing the contrast [176] .
Bioseparation
Another important application of magnetic nano-and microparticles is the in vitro separation of cells or biomolecules [11] [12] [13] [177] [178] [179] [180] [181] [182] [183] . The cells or biomolecules which are non-magnetic in nature can be attached to magnetic responsive beads and thus manipulated using an external magnetic field. The separation of cells or compounds may be done by direct and indirect methods. In the direct method, ligands are immobilized on magnetic beads, and incubated with the medium (cells or compounds) for some time. The target cells bind with these ligands and the complex formed can be separated by a magnetic field. In the indirect mode, the target cell initially interacts with the ligand (primary antibody). The secondary antibody is then immobilized on magnetic particles and added to the medium containing the cells. When antibodies have poor affinity or antigens are less accessible, indirect methods might perform better [178] . The magnetic separation of cells or biomolecules is more effective, when the superparamagnetic particles are used, because they exhibit magnetic properties only in the presence of the magnetic field. By now, with the aid of magnetic absorbents the isolation of various macromolecules such as enzymes, enzyme inhibitors, DNA, RNA, antibodies, antigens etc. from different sources including nutrient media, fermentation broth and body fluids, was performed [11] [12] [13] [177] [178] [179] [180] [181] [182] [183] .
Oil industry
As was recently demonstrated by Khokhlov et al. [25, 26] , the magnetosensitive polymer beads are of special interest for oil industry, in particular, for blocking water flow in a productive well [187] , for zonal isolation and for targeted delivery of chemicals to the desired place of the well.
For blocking water flow under the action of the magnetic field the dried gel beads should be accumulated near the magnet and swell there forming a gel plug (Fig. 13) To study the formation of the gel plug the dried beads were put in aqueous NaCl solution circulating in a tube, a small part of which (2.5 cm long) was placed between the poles of permanent magnet. Due to magnetic filler (Fig. 14) . Then the magnet can be removed, and the gel plug remains in its place (Fig. 15) . Thereafter, the pressure in the tube is gradually increased in order to determine the maximum value of pressure, which can be kept by the plug. It should be noted that the beads prepared for the plug formation swell significantly in water medium acquiring up to 40 g of aqueous solution per 1 g of the dry polymer. The swelling ability of the beads plays a crucial role in the formation of the gel plug blocking the water flow. As to the magnetic filler, the best results were obtained with cobalt ferrite, which has the higher residual magnetization among the studied samples. This observation may indicate that magnetic interactions can also contribute in the stability of the plug. Note that when temperature increases, the plug is formed faster and it is stronger. This may be due to more pronounced disruption of calcium or barium crosslinks on the surface of the beads, which allows more effective swelling and interaction between the beads.
Analysis of the results obtained shows that the blocking efficiency of the plug depends mainly on three factors. The first factor is the magnetic properties of the beads determining their ability to be accumulated under the action of magnetic field and their magnetic interactions stabilizing the plug. The second factor is the ability of the dried beads for strong and rapid swelling. Due to the swelling the beads produce high pressure on the walls of the tube fixing the plug on its place after the removal of magnet. The third factor is the formation of some cross-links between swollen beads, making the plug stronger.
As a result of the studies, the optimum composition of magnetic alginate beads was found [25, 26] . It was shown that such plug can keep the pressure of up to 6 atm in a tube with a diameter of 35 mm.
Another direction of the use of magnetosensitive polymer beads in oil industry is connected with targeted delivery and controlled release of encapsulated chemicals in the desired place of the well. In this case, the beads should contain not only magnetic particles, but also the encapsulated compound. Such beads can be guided by magnetic field to a proper place and swell there releasing the encapsulated substance.
The released chemicals can be necessary, in particular, to initiate various physicochemical reactions, e.g., gelation of the solution, in which the beads are immersed. In this case, the magnetic beads should be loaded with a cross-linker. Under the action of magnetic field the beads release the cross-linker in the desired place, where it interacts with polymer leading to the gel formation [25, 26] .
Such controlled gelation system was elaborated on an example of PVA or guar aqueous solution cross-linked by borate (Fig. 16 ). Plug formation was studied in the tubes with the diameter of 35 mm placed in the magnetic field of 2 kOe. It was observed that the plug formed can keep the pressure of about 8 atm.
To accelerate the release, the beads can be destroyed under the action of magnetic field (Fig. 17) . Bead destruction is possible if the elastic modulus of the bead is less that 40 kPa. Most probably, the disruption proceeds as a result of the alignment of magnetic microparticles along the lines of force of the applied field (Figs. 4 and 5) inducing strong stresses in polymer chains connected to the beads. A drastic effect of the displacement of microparticles on the integrity of beads indicates that the polymer chains are strongly attached to the particles, only in this case one can expect that the alignment of the particles will destroy the whole polymer matrix, in which they are embedded. Most probably, the attachment proceeds via binding of carboxylic groups of sodium alginate to iron on the surface of magnetite as it was observed in the case of other carboxyl-containing compounds like oleic acid, PEG-PAsp [52] and PS-polyacrylate [54] copolymers.
One more striking property of the proposed system consists in its ability to self-healing, when the plug is cracked under pressure. Such damaged plug can recover its integrity with time, which may be due to the redistribution of cross-linker in the system. The self-healed plug can keep the same pressure as the initial one before cracking.
Thus, magnetic polymer beads offer great potential for advancements in various fields.
Conclusion
Magnetic polymer beads attract considerable attention of researchers due to their unique properties. Since the beads have high magnetic susceptibility to an external magnetic field, they can be easily separated from other components of the mixture with the help of magnets. This is the basis of various separation applications. Attachment of specific functional groups or ligands to the shell of beads can make the separation highly selective. When need, the beads can be accumulated exactly in a given site by applying an external field, which is the basis for the target delivery of various chemicals including drugs. Also, the beads can be heated by high-frequency magnetic field, which determines their application in hyperthermia therapy or in heat-triggered drug release.
Last years new applications of magnetic polymer beads appear. They concern, in particular, oil industry, where the beads can be used for different purposes including blocking water flow, zonal isolation and targeted delivery of chemicals encapsulated in the beads. 
